The structural homeostasis is challenging for neurons, whose axons extend up to meters in large animals, and the axoplasmic mass reaches over a thousand times that of the cell body. Thus, the protein demand may overcome the capacity of the cell body to supply the right protein species, to the right place, in the right time. In this context, a body of evidence indicates that glial cells support the axonal maintenance and regenerative responses by diverse mechanisms of intercellular communication. We showed recently that Schwann cells (SC) transfer ribosomes to axons and also enhance regeneration by means of extracellular vesicles known as exosomes that contain mRNAs, miRNAs and proteins. These findings strongly suggest that the nucleus of the SC supports the machinery for protein synthesis of the axon and participates in the specification of the phenotype of the underlying axon. That the genetic programs of many nuclei modulate the axoplasm on a local basis is akin to a syncytium but at variance with it, the nuclei belong to satellite cells. We propose that the SC-axon unit is a functional syncytium. This intercellular organization opens a novel understanding of the nervous system and a new avenue of research into its physiology and disorders V C 2016 Wiley Periodicals, Inc.
Introduction
C ells adjust their repertoire of proteins to survive, to respond to challenges, or even to destroy themselves. In a typical cell, gene, messenger, translating machinery, and protein destination, are a few micra apart. By contrast, in neurons the distance between nucleus and axoplasmbetween gene and the final destination of the protein-may be unusually long, meters in large animals such as man or whales. The supply of the right protein species, to the right place, and in the right time, is a central piece to understand the maintenance and responses of axons to ongoing challenges. We will present a different view of the origin of axoplasmic proteins, highlight recent findings in the domain of local synthesis of proteins in axons, particularly concerning the origin of the axonal machinery for protein synthesis.
Origin of Axoplasmic Proteins: Transported from the Cell Body
The understanding of the neuron as a cell has taken a protracted and accidented way to our present views. Waller [1850] , studying severed nerves, proposed that nerve fibers had a trophic center in the spinal ganglia, today known as cell bodies. Golgi and Cajal championed mutually incompatible views of the nervous system. Golgi defended the reticular theory, i.e., components of the nervous system configure a continuous structure [Golgi, 1906] , while Cajal supported the neuron doctrine, i.e., components of the nervous system are discrete contiguous entities [Cajal, 1906] . Cajal and Golgi shared the Nobel Prize in 1906.
Thereafter, the signaling function was the prevalent interest for neuroscientists: electrical events, neurotransmitters, ion channels, circuits and networks. Notwithstanding, the seminal study of Weiss and Hiscoe [1948] on constricted nerve opened a new avenue of research. Axonal ballooning was observed proximal to an applied constriction and a thinning distalward, which reverted upon removal of the constriction. With a hydrodynamic view in mind, these results led to the notion of axoplasmic streaming, i.e., the axoplasm was likened to a column flowing inside the axolemma from cell body to terminals. Later, ribosomes were not detected, probably due to very low amount of them. Later, it were described to be located in discrete and intermittent patch along the axon [Palay and Palade, 1955] , and finally the supply of labeled amino acids to cell bodies resulted in waves of label embodied in axoplasmic proteins that progressed down the axon at about 1 mm/day (Fig. 1A) [Droz and Leblond, 1963; McEwen et al., 1971; Willard et al., 1974; Hoffman and Lasek, 1975; Cancalon, 1979; Mori et al., 1979; Black and Lasek, 1980] . These findings led to the notions that (i) axons do not synthesize proteins since they do not have ribosomes; (ii) by default, cell bodies supply all proteins to axons, (iii) the bulk of which is conveyed by a slow transport mechanism [Lasek and Hoffman, 1976] . These are the tenets of the slow transport theory (STT). A fast transport was also recognized. The material is conveyed in vesicles mainly to the axon terminal, at a velocity ranging between 200 and 400 mm/day, and assisted by motor proteins. Compared to the slow transport, the content of the fast transport is one order of magnitude smaller, and intrinsic proteins of the axoplasm are not significantly represented [Grafstein and Forman, 1980] . For this reason, in our analysis of the protein supply to the axon, this mechanism will not be considered.
In the STT however, the life span of proteins during slow transit along the axon needs to be carefully considered. STT predicts that axonal proteins moving at 1 mm/day will spend months, years, or even decades in transit to reach the nerve terminals, in man or whales for instances. On the other hand, it was known that proteins had a limited life span hence axonal proteins ought to disappear after a few weeks, a few centimeters away from cell bodies. Lasek and Hoffman [1976] dealt with this riddle adding an ad hoc assumption to STT, namely, "few if any of the slow component proteins are degraded in transit from the cell body to the axon terminal". However, in previous results presented by the same authors there was good evidence for degradation of axonal proteins along axons [Hoffman and Lasek, 1975] . This evidence comes into full view by plotting with the same scale the published results (Fig. 1B) . Later, the so called slowly transported proteins were shown to be degraded with a half life of 1-2 weeks [Nixon, 1980] , whereby proteins could not possible survive for years as required by STT in in vivo conditions.
The quest for the transport mechanism is as old as STT. The first one, axoplasmic streaming mentioned above, was proposed in 1948 almost 70 years ago. Since then, the effort to unveil the subcellular transport mechanism has been focused largely on the cytoskeletal proteins, but none of the many conjectures put forth has gained acceptance [Weiss and Hiscoe, 1948; Weiss, 1972; Graftein and Alpert, 1982; Baas and Brown, 1997; Hirokawa et al., 1997; Miller and Samuels, 1997 ; for a discussion, see Miller and Heidemann, 2008] . man and Lasek, 1975) . (A) Ordinates, dpm per 3 mm segments; each curve has a scale of its own. Abscissae, distance to the spinal cord, in mm; same scale for all graphs. Curves correspond to the time point indicated. Notice the moving peak. (B) curves in A were scaled down to fit a common ordinate axis in order to highlight the content of label in the nerve. Notice that a great deal of label is lost with time, meaning degradation of proteins.
Therefore it still remains to be demonstrated in vivo that slow axonal transport is able to provide proteins to distant axonal domains. Considering human-sized axons, a simple quantification shows that transit time and protein degradation are critical variables to be considered. Protein synthesis and degradation (protein turnover rates) have been observed to be essential to modulate regenerative responses by changing the abundance of defined proteins locally [Verma et al., 2005] . The protein turnover rate is commonly measured by the incorporation of a pulse of labeled amino acids (AA). Reports on protein turnover had shown high variability depending on the used methodology and the amount of the AA pulse. Also, some proteins display different turnover rates depending on their location in the neuron and activation state [Bingol and Schuman, 2006] . However, a current elegant approach by measure turnover rates of neuronal proteins by SILAC (Stable Isotope Labeling with Amino acids in Cell culture) and mass spectrometry (MS) has shown no major differences in the average turnover rates of axonal or dendritic proteins, averaging 2,65 and 3,07 days respectively, in spite of their very different distances from the neuronal soma [Alvarez et al., 2000; Ehlers, 2003; Cohen et al., 2013] . We expect that future in vivo studies using new techniques can clarify the high protein turnover discrepancy founded in axons.
Alternative Origin of Axoplasmic Proteins: Local Protein Synthesis
Neurons are highly polarized cells with unique functional domains, including a cell body, dendrites, an axon and its terminals. This morphological compartmentalization set unique spatiotemporal constraints to the neuronal physiology. As discussed above, the soma might not have the sufficient capacity to provide the required proteins to the entire cell. This may be due to intrinsic limits in the synthetic capacity at cell bodies, high protein turnover and/or a transport velocity not compatible with dendritic or axonal dimensions. Therefore, local protein synthesis might be required to ensure that proteins are available within adequate time frames at sites far away from the cell body [Alvarez, 2001; Sotelo-Silveira et al., 2006; Giuditta et al., 2008; Jung et al., 2012] .
In the sixties, studies in local protein synthesis were initiated to understand the origin of axonal proteins. Edstr€ om demonstrated the incorporation of amino acids into proteins in the Mauther axon of fish [Edstr€ om, 1966] . Later, Koenig and Giuditta gathered a considerable body of evidence in support of axonal proteins synthesis, including the incorporation of amino acids into proteins, identification of r-, m-, and tRNAs in the axoplasm, and axonal domains rich in phosphor consistent with ribosomes recognized with X-ray spectroscopy, as also axonal regions immunostained for ribosomes [Koenig and Giuditta, 1999; Court et al., 2011] .
The growing body of evidence supporting axonal protein synthesis led to the local synthesis theory (LST). It simply holds that axoplasmic proteins are synthesized locally, they turn over, and they remain essentially in place [Alvarez and Torres, 1985; Brittis et al., 2002; Court and Alvarez, 2011; Kar et al., 2013] . Therefore LST assumes that axons do contain the complete machinery for protein synthesis (Fig.  2) . With labeled amino acids, the relative rate of protein synthesis in the cell body and axoplasm was assessed. In the axoplasm, the rate was 2-4% that of the cell body but owing to the enormous size of some axon, the bulk synthesized may well be over one order of magnitude that of the cell body [Alvarez and Benech, 1983] . Electrophoretic delivery of amino acids into an axon was used to study a point source of tracer upon the local synthesis of protein [Alvarez and Chen, 1972] . The pulse yielded a bell-shaped distribution of labeled proteins in the axon, with the peak at the site of injection, i.e., amino acids diffuse freely in the axon and are incorporated locally into proteins.
Nowadays, it is fully accepted that neurons locally synthesize proteins in axons and dendrites, and that this localized translation is required for neuronal function, circuit formation and homeostatic responses [Piper et al., 2006; Hengst et al., 2009] . Recent studies have suggested that axons contain a rich repertoire of mRNAs reported to contribute to axonal pathfinding, branching and synapse formation through the synthesis of signaling molecules, and cytoskeletal proteins. In addition, axonal maintenance and repair can also be fulfilled through the local synthesis of nuclear factors and mitochondrial proteins (Fig. 3) . In fact, local protein synthesis in dendrites controls long-term plasticity (LTP) of dendritic spines through regulation of the actin cytoskeleton. One of these mechanisms involve BrainDerived Neurotrophic Factor (BDNF) signaling, which is required for actin polymerization and stable expansion of dendritic spines during LTP [Zhang and Poo, 2002; Hanz et al., 2003; Mann et al., 2003; Perlson et al., 2005; Bramham, 2008; Yudin et al., 2008] . Surprisingly, axonal protein synthesis has been more controversial, and only in the last decade the presence of ribosome and mRNAs has been convincingly existence confirmed in mammalian axons Piper and Holt, 2004; Court et al., 2008a; Court et al., 2011; Jung et al., 2012] , as well as the importance of local translation as an essential mechanism for chemotropic responses, axonal guidance, and regeneration after injury in vivo [Campbell and Holt, 2001; Zhang et al., 2001; Piper and Holt, 2004; Verma et al., 2005; Yoo et al., 2010] . Studies on the axonal transcriptome of sensory neurons showed that while this transcriptome is large, it contains unique signatures [Minis et al., 2014] . Indeed, 6118 genes were found highly enriched in axons, encoding for secreted proteins, transcription factors, and components of the translation machinery. Interestingly, the analysis revealed that the axonal transcriptome was largely depleted from mRNA encoding transmembrane proteins suggesting a different mechanism for their supply to axons [Minis et al., 2014] . In addition, a short RNA motif was found to be responsible for RNA localization in axons, suggesting specific axonal zipcodes as has been demonstrated for RNA localized to dendrites. Importantly, these finding were equivalent to previous transcriptome analysis [Poon et al., 2006; Zhong et al., 2006; Cajigas et al., 2012] . Multiple in vitro studies have suggested that the responses of sensory axons to survival factors and guidance cues are dependent on axonal protein translation [Piper et al., 2006; Hengst et al., 2009] . Indeed, axonal growth cones isolated from their cell bodies can correctly grow in vivo [Bray et al., 1981; Harris et al., 1987; Ming et al., 2002] and react to guidance clues for several hours, a process that requires local protein synthesis [Campbell and Holt, 2001; Hengst et al., 2009; van Kesteren et al., 2006] .
In mammals, cell populations exhibit a wide range of cellular volumes, including cells with small cellular volumes like a sperm cell (30 lm 3 ) [Gilmore et al., 1995] or neutrophils (300 lm 3 ) [Rosengren et al., 1994] , with medium cellular volumes like fibroblasts (2000 lm 3 ) [Mitsui and Schneider, 1976] and osteoblasts (4000 lm 3 ) [Beck et al., 2011] , and with large volumes like megakaryocytes (30000 lm 3 ) [Harker et al., 2000] and oocytes (4 x 10 6 lm 3 ) [Goyanes et al., 1990] . Nevertheless, a one-meter long sensory neuron has comparatively a massive cellular volume (78 x 10 6 lm 3 ) [Fletcher and Theriot, 2004] . Only skeletal muscle cells reach larger volumes than neurons, but these cells evolved a multinucleated cytoplasm or cellular syncytium, which ensure stable supply of RNA and proteins to the entire cytoplasm.
Transport of mRNA and local protein synthesis is currently an accepted mechanism to supply the entire axon and dendrites with components to be used in homeostatic function as well as in response to tissular changes [Hillefors et al., 2007; Yoon et al., 2012] .
Trafficking of mRNA to the Axonal Compartment
For local protein synthesis in the axonal compartment, an efficient machinery for mRNA transport ensures a permanent supply of proteins. It has been demonstrated that mRNA transport is associated to the formation of a RiboNucleo-Protein complex (RNP), composed by mRNA, ribosomes and factors required for translation. RNPs are assembled into granules and are mobilized to their destination by molecular motors by fast axonal transport [Aronov et al., 2002; Kanai et al., 2004] . The correct sorting to specific cellular compartments involves specific zipcodes located in the mRNA and proteins that binds these domains and in turn associate to the trafficking complex.
One of the most studied mechanisms for mRNA sorting to the axonal compartment involves Zipcode Binding Protein 1 (ZBP1). ZBP1 binds to a unique 54-nucleotide zipcode sequence in the 3' UTR of mRNAs and facilitate its axonal transport [Kislauskis et al., 1994; Ross et al., 1997] . To ensure that transcripts are translated in their target compartment, the formation of ZBP1-mRNA complex increases the mRNA stability and prevents its translation. Then, translation takes place when a unique tyrosine site in ZBP1 is phosphorylated, a mechanism that has been found to be Src family kinase (SFK)-dependent [Huttelmaier et al., 2005] . b-Actin mRNA is one of the best characterized substrates of ZBP1. This mRNA contains a 54 nucleotide cis-acting region (the zipcode) not present in other actin-mRNA isoforms not present in the axonal compartment, suggesting that this zipcode confers targeting specificity to axons by binding to ZBP1 [Zhang et al., 2001 ]. Importantly, a recent genome wide study has identified 114 unique mRNAs in which the ZBP1 recognition element is conserved [Patel et al., 2012] . In a similar way, Tau protein also includes a cis-acting target sequence in its mRNA. This region, containing 240 nucleotides at the 3'-untranslated region (UTR), binds HuD, a member of the TAF (TATA box binding protein associated factor) protein family. It was demonstrated that the RNP granules in which Tau mRNA is transported contain the kinesin-family microtubule motor KIF3A, which is required for axonal targeting of Tau mRNA along microtubules [Aronov et al., 2002] .
Accumulated evidence demonstrates an important role for local protein synthesis in axonal guidance and regeneration in vivo and in vitro. Blocking mRNA translation in vivo decreases the elongation of regenerating axons [Gaete et al., 1998 ] and in vitro decreases growth cone extension [Verma et al., 2005] , and downregulation of ZBP1 in peripheral axons inhibits axonal regeneration in adult mice [Donnelly et al., 2011] . In addition, axonal injury activates a pro-regenerative transcriptional program in the neuronal nucleus. These injury-induced axonal responses include the local protein synthesis and axonal phosphorylation of transcription factors like STAT3 [Ben-Yaakov et al., 2012] (7). (8) The neuronal soma also contributes to the axonal proteome by sending mRNA to axons by fast transport. (9) Finally, protein synthesis of neuronal mRNA in its destination is regulated by different mechanisms, including the phosphorylation of a unique tyrosine site at RBP, like ZBP1. The new protein locally synthetized may function as a retrograde signal to the nucleus like transcription factor or to be part in the axon of the local protein machinery or like a membrane receptor, a cytoskeletal structure or a cell-cell communication signal. The discrete and regular disposition of SC along the axon may supply RNA to the entire axon, and provide a wide or a restricted axonal regulation of their axonal transcriptional program through the contribution of the SC nucleus.
nuclear-localization signal containing proteins like importins [Hanz et al., 2003] , and their subsequent retrograde transport to the neuronal nucleus [Michaelevski et al., 2010; Ben-Yaakov et al., 2012] suggesting an important role of the neuronal nucleus in the progression and reenforcement of axonal regenerative mechanism. Evidence using transgenic and knock-in mouse models, shows conclusive in vivo evidence that mRNA localization and local protein synthesis play a functionally important role in normal condition as well as in injury response in adult sensory neuron. Local protein synthesis was confirmed in vivo using a transgenic model [Donnelly et al., 2011; Willis et al., 2011] , in which the b-Actin 3'UTR axonal localization signal was fused to the reporter gene GFP under the control of an injury-activated neuronal promoter. Indeed, the GFP-3'UTR-b-Actin mice revealed axonal localization of the reporter mRNA in adult sensory neurons. Then, to get insight of local translation of the GFP-3'UTR-b-Actin mRNA, the authors did an injury-conditioned translation assay where they observed EGFP translation that was dependent on axonal outgrowth during the first 24 h in vitro. Taken together, descriptive and functional studies provide strong evidence for local protein synthesis in the axonal compartment in axons of genetically modified mice.
Glial Cells as RNA and Protein Providers to the Axon
Glial cells are associated to different neuronal compartments, including somas, synapses and axons. In the peripheral nervous system (PNS), SC regulate a wide variety of axonal functions [Nave and Trapp, 2008] , including passive functions associated to myelin formation by increasing the velocity of action potential propagation [Hartline and Colman, 2007] . Nevertheless, recent evidences show a more active role for SCs in the regulation of neuronal biology, including enrichment of sodium channels at the node of Ranvier [Voas et al., 2009] , specification of the internodal distance [Court et al., 2004] , regulation of the axonal diameter [Kidd et al., 2013] , metabolic maintenance of the axonal compartment [Brown et al., 2012; Beirowski et al., 2014; Fr€ ohlich et al., 2014] , as well as responses to tissue injury [Waller, 1850; Bray et al., 1981; Tapia et al., 1995; Court and Alvarez, 2000; Court and Alvarez, 2005; Kidd et al., 2013] . This active role of glial cells in the regulation of neuronal functions is underscored by several conditions in which specific mutations to glia, for example in hereditary demyelinated diseases of the PNS known as CharcotMarie-Tooth (CMT), results in axonal defects, including degeneration of the entire axon [Berger et al., 2006] . Furthermore, recent evidence demonstrate that glial cells contribute in a cell non-autonomously fashion to neuronal loss and the progression of neurodegenerative conditions such as amyotrophic lateral sclerosis (ALS), Alzheimer, and Parkinson diseases (Ilieva et al., 2009) . For example in ALS, the damage in key CNS partner cells like microglia, by expression of mutant superoxide dismutase (SOD1), produces an acceleration of disease progression after onset. In the similar manner in Parkinson disease (PD), the specific accumulation of a-synuclein in oligodendrocytes can also induce neurodegeneration in associated neuron [Yazawa et al., 2005] . In the PNS, mutant SOD1 expressed in SC, induce a substantial acceleration of the late phase of disease [Lobsiger et al., 2009] , suggesting glial cell can contribute in a non-cell autonomous fashion to pathogenic conditions in the nervous system.
The regulation of neuronal form and function by SC is mediated by different forms of intercellular communication, including ephaptic communication, paracrine signaling and physical coupling [Revest et al., 1999; Orellana et al., 2012; Rustom et al., 2004; Abounit and Zurzolo, 2012; Grimmelikhuijzen and Hauser, 2012; Pereira et al., 2012; Samara et al., 2013] . Ephaptic communication consists in the intercellular interactions through ions flowing across the plasma membrane and generation of local currents in the periaxonal space, which can be sensed and transduced into the cell through ion channels and neurotransmitters receptors present both in neurons and glial cells [Yamazaki et al., 2008; Debanne and Rama, 2011] . Paracrine signaling has been demonstrated between SCs and axons by secretion of small molecules like ATP and excitatory aminoacids (e. g. glutamate), and subsequent activation of P2Y and/or P2X, and AMPA receptors [Liu and Bennett, 2003; Liu et al., 2005] . SC and axon communicate also via physical coupling, for instance through adhesion molecules and gap-junctions such as those present in the paranodal region of the myelinated nerve fiber [Buttermore et al., 2013] . Each mechanism described to mediate intercellular communication or a join of them might be involved in how SCs can sense and mediate axonal protein requirements. For example, regarding the regulation of exosomes secretion, oligodendrocytes, a glial component of the CNS, secrete exosomes constitutively in vitro and this secretion is upregulated by the neurotransmitter glutamate [Fr€ uhbeis et al., 2013] . This provides a mechanism to modulate exosome secretion coupled to synaptic activity [Zadori et al., 2012; Mehta et al., 2013] . In PNS, the mechanism of exosome secretion is still unknown. However, we known that a burst of action potentials take place immediately after damage and decay exponentially with the distance [Berdan et al., 1993] . These observations raise the possibility that depolarization associated with axotomy could represent a short-range signal that could either activate or modulate some of the events involved in nerve regeneration via Schwann cell exosomes and/or by another unknown mechanism. Together with axonal firing, a rise of K 1 , ATP, and glutamate take place in the periaxonal space [Verderio et al., 2006; Fields and Ni, 2010; Wake et al., 2011; Debanne and Rama, 2011] . Then, the subsequent increase in the intracellular Ca 1 2 levels through the activation of P2 and/or AMPA receptor in SCs could provide a mechanism to regulate exosome secretion coupled to synaptic activity [Jeftinija and Jeftinija, 1998; Liu and Bennett, 2003] . The above mentioned report is agree with unpublished data from our lab that involve a regulatory loop starting with neuronal activity; ATP secretion from axon; activation of purinergic receptors in SC, intracellular Ca 1 2 arise in SC; extracellular vesicles secretion, axonal uptake and modulation of axonal homeostasis.
Intercellular communication mediated by the transfer of molecular cargoes through extracellular vesicles (EVs) represents a novel mechanism that has been demonstrated to operate in vitro and in vivo [Tkach and Th ery, 2016] . EVs include apoptotic bodies, microvesicles (MV) and exosomes, which differ in size, cargo and origin. Apoptotic bodies are secreted by apoptotic cells, whereas MVs are produced by pinching off from the plasma membrane in healthy conditions. Exosomes originates in the endosomal compartment and they correspond to intraluminal vesicles from multivesicular bodies (MVB), which are secreted as exosomes after MVB fusion with the plasma membrane. They have a regular shape between 50-100 nm and they can transfer genetic material, like mRNA, miRNA and other non-coding RNAs, as well as proteins from one cell to another [Skog et al., 2008; Lopez-Verrilli et al., 2013] . In the CNS, oligodendrocytes, similar to SCs in the PNS, allows rapid conduction of action potential and supports energetic metabolites transfer to axons. In a cell specific oligodendrocyte Cnp Knockout, a non-structural protein component of myelin, axonal degeneration takes place without observable desmyelination, suggesting that oligodendrocytes support axonal survival through a myelin-independent mechanism [Lappe-Siefke et al., 2003] . Also, oligodendrocyte-derived exosomes has been studied. Exosome secreted by oligodendrocytes has been reported to modulate different aspects of CNS neurons [Frohlich et al., 2014] . Exposure of neurons to oligodendrocyte-derived exosomes increases the firing rate of action potentials, alters signal transduction pathways, and modifies the neuronal transcriptome. Moreover, in an in vitro model of ischemia, oligodendrocyte exosomes exert beneficial effects on neurons, potentially via the transfer of protective proteins such as superoxide dismutase (SOD) [Gomes et al., 2007; Fr€ uhbeis et al., 2013; Fr€ ohlich et al., 2014] .
In the peripheral nervous system, we have shown that Schwann cells secrete exosomes, which are incorporated into axons in vitro and in vivo. Surprisingly, SC-derived exosomes increase axonal regeneration by around 50% in the peripheral nervous system [Lopez-Verrilli et al., 2013] . So far, it has been possible to detect RNA (mRNA and miRNA) and proteins in SC-derived exosomes.
SC-derived exosomes bearing RNA could use specific mechanism of axonal uptake tightly regulated by membrane proteins or through simple fusion with the plasma membrane. Surface molecules such as integrins, tetraspanins and phosphatidylserine in exosomes form complexes with cell surface molecules and participate in the attachment of exosomes, as reported in dendritic cells [Th ery et al., 2009] . In fact, similar mechanism could take place in peripheral axons, which selectively incorporate SC-derived exosomes [Lopez-Verrilli et al., 2013] .
We have also demonstrated that Schwann cells transfer ribosomes to regenerating axons [Court et al., 2008a] , suggesting that SC support local protein synthesis by transferring essential components of translation machinery. Delivery of ribosomes and associated mRNAs from nearby glial cells might prove an advantageous mechanism for local protein synthesis in healthy and regenerating axons.
Concluding Remarks and Perspectives
In cells with large volumes special mechanisms have evolved to provide, in a restricted manner, genetic material and proteins to the correct localization and timing. However, the nucleus has a limited capacity to provide RNA and proteins to a determined cellular volume [Strassburger, 1893] . So, in large volume cells, like skeletal muscle fibers, the cytoplasm contain more than one nuclei, a configuration known as cellular syncytium [Bruusgaard et al., 2003] , to provide translation building blocks to the entire cytoplasm. Importantly the nuclei in a syncytium can have different gene expression programs, determining domains with different molecular architecture within a multinucleated cell [Sanes et al., 1991; Gundersen et al., 1993] .
In the nervous system, some neurons that connect distant regions of large organisms like humans, exhibit cytoplasmic extensions up to 1 meter long or more. In fact, considering the axon as 10 lm diameter cylinder, the cytoplasm volume will be 78.5 3 10 6 lm 3 , almost 40,000 and 20 times bigger than a fibroblast and oocyte, respectively.
Neurons and other cells are able to traffic mRNA from the nuclei to distant cytoplasmic domains using microtubule-assisted transport by molecular motors. However, taking into account the dimensions of the neuronal cytoplasm, and the high energetic demand of an excitable cell, the neuronal soma is likely to be unable to supply and support the constant requirement of an entire neuron. Several recent evidences show that cells of the nervous system share RNAs and proteins through extracellular vesicles [Lopez-Verrilli et al., 2013 , Valadi et al., 2007 Fr€ uhbeis et al., 2013] . Extracellular vesicles or other intercellular tunnels might mediate the delivery of RNA and the translational machinery from glial cells to axons for local translation. The discrete and regular disposition of SC along the axon may provide a full coverage for RNA delivery along the axon. We surmise that the nerve fiber -axon plus SC-is a functional syncytium. This configuration allows the regulation of restricted segments of a single axon, where the associated SC provides the nurturing nucleus to ensure the homeostasis of axons in the steady state, and to support local responses as local challenges arise, e.g., extension of axonal collaterals in regions associated to phenotypic changes of SC [Court and Alvarez, 2000; Court et al., 2008b] .
Taken together, work in the last two decades has consolidated local protein synthesis as a crucial mechanism in the biology of the axon. Nevertheless, the origin of mRNA and regulatory RNA still requires further work, specially the possibility that glial cells can provide RNA by means of extracellular vesicles, delivered constitutively or after axonal signals. Among the important issue to be addressed, it stands out whether SC alone can provide the axon with the right support, at the right place, and in the right time.
